ABSTRACT: We present an experimental demonstration and interpretation of an ultrafast optically tunable, graphene-based thin film absorption modulator for operation in the THz regime. The graphene-based component consists of a uniform CVDgrown graphene sheet stacked on an SU-8 dielectric substrate that is grounded by a metallic ground plate. The structure shows enhanced absorption originating from constructive interference of the impinging and reflected waves at the absorbing graphene sheet. The modulation of this absorption, which is demonstrated via a THz time-domain spectroscopy setup, is achieved by applying an optical pump signal, which modifies the conductivity of the graphene sheet. We report an ultrafast (on the order of few ps) absorption modulation on the order of 40% upon photoexcitation. Our results provide evidence that the optical pump excitation results in the degradation of the graphene THz conductivity, which is connected with the generation of hot carriers, the increase of the electronic temperature, and the dominant increase of the scattering rate over the carrier concentration as found in highly doped samples.
INTRODUCTION
Graphene, the acclaimed two-dimensional (2D) material made of carbon atoms arranged in a honeycomb lattice, exhibits unique mechanical, thermal, electrical, and optical properties; these stem from the linear dispersion of its 2D Dirac fermions, which allows wide tunability. In particular, graphene optical properties can be modified by imposing a kind of stimulus. The stimuli include, among others, chemical doping, thermal tuning, external electrostatic or magnetic field, and optical pumping. 1−6 Due to its reconfigurable optical properties, graphene has been examined and employed in a large number of photonic and plasmonic applications, 7 whereas its significance as a constituent element in metasurface configurations, substituting or accompanying thin metallic parts, has been previously demonstrated. 8 The vast majority of the currently existing or investigated graphene-based metasurfaces consist of one or more graphene layers, patterned or unpatterned, combined with other materials and/or structures, dielectrics and/or metallic. Depending on the meta-atom architecture in those metasurfaces and the control stimuli, one can achieve a variety of tunable functionalities that span over a vast part of the electromagnetic spectrum, from microwaves to the visible. 9, 10, 11 Particularly in the THz spectrum, graphene predominantly exhibits a Drude-like response due to its easily generated and controlled free carriers and, therefore, is considered a suitable platform for dynamically tunable metasurface components. 12, 13 Some interesting graphenebased implementations involve broadband modulators, filters and absorbers, 14−17 biosensors, 18 polarizers, 19 light detectors, 20, 21 cloaks, 22 and many others. A simple but yet remarkable graphene component/metasurface is based on the classical Salisbury screen 23 and the coherent absorption principle. It consists of a single uniform sheet of graphene placed on top of a dielectric film, which is placed on a metallic plate. The only source of losses in the system is the graphene sheet assuming negligible losses in the dielectric film and almost perfect reflection by the metallic plate. In a freestanding state (i.e., without the back-reflector), graphene absorbs only a small percentage of the impinging wave. However, if two waves come in phase at the lossy sheet, enhanced and even perfect absorption may occur. In this simple structure one wave is the impinging wave and the second is the wave reflected by the metallic back plate. Due to its simplicity and the tunability capability, the specific graphene-based absorbing metasurface and its variations have been intensively investigated. 24−29 Recently it has been demonstrated experimentally that electrostatic gate-tunable perfect absorption in a structure consisting of a large area of monolayer graphene over a grounded electrolytic medium is possible. 30 Electrostatic tunability though cannot provide an ultrafast response as is required in advanced modulation devices.
In this work we demonstrate experimentally a graphenebased ultrathin absorber that exhibits ultrafast (on the order of few ps) intensity modulation. This ultrafast modulation is achieved by photoexcitation via an optical pump signal. Our absorber metasurface consists of a simple graphene sheet deposited on a grounded dielectric substrate of micrometer thickness and provides tunable absorption (or reflection) functionality in the terahertz regime. The sample is fabricated by stacking a chemical vapor deposition (CVD)-grown graphene monolayer on a dielectric SU-8 spacer supported by a Pt back plate. The electromagnetic response characterization and the demonstration of the ultrafast THz absorption modulation of the structure are conducted by using a THz time-domain spectroscopic system (THz-TDS) coupled with an IR-pump laser used for the photoexcitation. It is found that photoexcitation dynamically modulates the conductivity of the graphene sheet in the sample with decay of 2.79 ps, resulting in absorption tuning on the order of 40%. The time scale is comparable and even smaller with respect to other emerging or established platforms; 31−33 that is, a germanium-based metasurface with a full recovery time of 17 ps has been recently demonstrated. 32 Our system holds additionally the advantage of the 2D nature of the material, which is ideal for the realization of minimized components. Thus, among the established platforms, our system provides a promising, ultrathin, ultrafast modulation scheme appropriate for the demanding future flat optics modulation applications.
Moreover we provide a thorough interpretation of our experimental findings by discussing in detail the mechanism of the photoinduced modulation of the terahertz conductivity in the graphene sheet under an IR pump laser with variable fluence. In particular, we provide experimental evidence that the optical signal leads to the degradation of the THz graphene conductivity, which varies with the square root of fluence. The terahertz photoinduced conductivity dynamics of graphene is an issue of much discussion. The underlying relaxation and recombination dynamics of the photogenerated electrons and holes, the cooling dynamics of the hot electrons, the appearance of carrier multiplication and optical gain, the saturation effects, etc., appear to be involved phenomena, affected among others by parameters such as growing methods, substrate materials, and ambient temperature.
34−38 Remarkably, it has been demonstrated that the sign of the photoinduced conductivity dynamics depends greatly on the doping level in the graphene. In particular, it has been demonstrated that photoexcitation in graphene of neutral charge point results in a rise of the carrier concentration and an increase of conductivity, whereas when the initial doping level is high, photoexcitation affects the scattering rate of the carriers. Depending on the detailed conditions, the modification of the scattering rate can be the dominant effect and can lead to a conductivity decrease, 39−42 as is also found in our experiments.
The paper is organized as follows: Initially we present the proposed structure and the origins of the enhanced absorption in the graphene-based component. Then we describe the fabrication procedure and present the experimental results that reveal the tunable absorption function. Finally we discuss the observed negative photoinduced conductivity and conclude our work.
PRINCIPLE OF COHERENT ABSORPTION OPERATION
Our metasurface is shown in Figure 1 . It is designed for tunable absorption operation based on the coherent absorption principle. To maximize absorption, we need on one hand to minimize the reflection from the top surface and on the other hand to enforce coherence, i.e., constructive interference of incident and reflected (from back-reflector) wave at the lossy graphene sheet (which would ideally be the only source of losses in the system). This is achieved when the impedance of the freespace, Z 0 = 120π, and the metasurface is matched, which provides two conditions for the graphene surface conductivity, σ, and the details of the dielectric substrate (acting as cavity). For normal incidence the conditions are Re{σ(ω)Z 0 } = 1 and
, where ϵ r is the relative permittivity of the substrate and k k g 0 r = ϵ is the wavenumber in the cavity. 24, 25 The first condition is satisfied for various doping levels at the vicinity of 2 THz and assuming an ideal, lossless, SU-8 dielectric film of ϵ r = 3.9, while the second condition requires a thickness equal to d = 20 μm. The conditions and subsequently the structure parameters can be properly adjusted for different angles and polarization. 24, 30 The principle and results of coherent absorption operation are described in Figure 2 , where we present the absorption spectra (see Figure 2a ) of three structures: (i) a freestanding graphene sheet, (ii) a back-plated dielectric, loss-free slab (ϵ r = 3.9), and (iii) the proposed metasurface. The spectra are calculated in the frequency range 1−4 THz (Figure 2a ) assuming normal incidence, for two different graphene conductivities, one (σ 1 ) fulfilling the previously mentioned perfect absorption conditions and a second one (σ 2 ) that does not fulfill those conditions. Figure 2b shows the distribution of the absolute electric field across the metasurface, along the zaxis.
The conductivities σ 1 and σ 2 are complex, frequencydependent functions, obtained from the Kubo formula 43 (see also eq 1 and eq 2) assuming E F = 1 eV and τ = 18 fs (values producing maximum absorption) for σ 1 and E F = 350 meV and τ = 20 fs for σ 2 . The standalone graphene sheet absorption is presented in Figure 2a with the cyan curves. Absorption due to a single pass of the impinging field from the graphene sheet is as low as ∼2%. Absorption changes drastically if we place the graphene sheet on the dielectric substrate as seen in Figure 2a . The constructive interference of the incident and reflected waves on the lossy sheet leads to a large increase of the absorption for both σ 1 and σ 2 scenarios. In fact, for the case of σ 1 , where the details for the graphene have been selected such that the impedance matching condition and the cavity size conditions are exactly met, perfect absorption is achieved. In these proof of concept calculations, the only source of losses is the graphene sheet; this is also observed in Figure 2a and the middle case of no graphene sheet (magenta lines), where no absorption is observed.
The coherent absorption mechanism is further clarified in Figure 2b , where we plot the profile of the absolute value of the electric field (uniform in the xy plane) versus the z-axis at two distinct frequencies, f = 1.86 THz (green curves for both σ 1 and σ 2 , solid and dashed, respectively) and f = 3.65 THz (blue curve for σ 2 ). On resonance, that is at f = 1.86 THz and for σ 2 , the absolute value of the field at the graphene sheet is significantly higher than at f = 3.65 THz (which is practically zero); this shows increased interaction of the field with the lossy surface and hence increased absorption. For the optimum σ 1 case, the absorption is maximized and no field is reflected, which is evident form the flat profile of the wave at the air region. (In the case of σ 2 the incident field experiences partial reflection, which adds up to the incident profile.)
SAMPLE PREPARATION
The measured sample is fabricated as follows: A silicon wafer is used for mechanical support. A Pt thick layer (400 nm) is evaporated using e-gun evaporation on the entire surface of the sample. This is used to act as the bottom ground plane depicted in Figure 1 with yellow color. On top of the ground plane, a layer of SU-8 is spin coated and exposed to UV and heating (300°C for 60 min) to fully cure the material. The process was tuned to produce a postcuring thickness of 20 μm. Finally a PlanarTech Dual CVD system was used to grow a graphene monolayer on copper foil. To transfer the graphene layer onto SU-8, a poly(methyl methacrylate) (PMMA) layer was spin coated on top of the graphene/copper stack and copper was etched using a mixture of HCl acid with H 2 O 2 in water at 50°C. After full removal of Cu, the PMMA/graphene membrane was rinsed thoroughly with deionized water and was wet transferred on the SU-8 layer. A mild annealing process at 100°C was used to remove any remaining water residues and ensure graphene is fully attached on the SU-8 surface.
OPTICALLY TUNABLE GRAPHENE ABSORPTION: SETUP AND EXPERIMENTAL DEMONSTRATION
For the experimental study of the graphene-based absorber we use a powerful THz-TDS system that provides the ability of measurements in reflection mode. It is based on a pump− probe, coherent detection approach and uses an amplified kHz Ti:sapphire laser system delivering 35 fs pulses at 800 nm central wavelength and a maximum energy of 2.3 mJ/pulse. The most intense part of the initial beam is focused in ambient air after partial frequency doubling in a beta-barium-borate (BBO) crystal (50 m thick) to produce a two-color filament and, subsequently, THz radiation (>200 kV/cm). The emitted THz pulses (Figure 3a) are focused at the sample and after being reflected are guided to the detection stage, where an air-biased coherent detection (ABCD) scheme is applied providing a useful THz spectrum up to 13 THz (inset of Figure 3a ). Another part of the initial laser beam is used to excite the sample in an IR-pump/THz-probe configuration. The angle of incidence of the THz beam on the sample is equal to 45°, while the pump beam illuminates it at normal incidence. The angle of incidence is selected in order to facilitate the characterization procedure, while s polarization is selected since it is characterized by higher absorption in the graphene sheet for oblique incidence. 29 Our theoretical results for p polarization show a similar response but with lower absorption levels. The whole experimental setup is enclosed in a purge gas chamber to avoid water vapor absorption of the THz radiation, and all measurements are performed at low levels of humidity. Figure 3b shows the free carriers' dynamics of the graphene layer by measuring the optical pump induced THz field relative reflectivity change (DR/R) as a function of pump delay. In this measurement we record the peak of the THz electric field reflected by the first surface of the sample, the graphene sheet, for the maximum available pump fluence of 0.690 mJ/cm 2 . The red dashed curve corresponds to the fitted exponential decay of the experimental data. The instantaneous rise and the rapid decay equal to ∼2.79 ps of the excited carriers demonstrate the fast switching capability of our device, while the negative sign of DR/R implies a negative pump-induced photoconductivity, as reported in, for example, ref 40 . All the following measurements are performed at a fixed THz-optical pump time delay corresponding to the maximum change of relative reflectivity. Figure 4a shows the absorption spectra of the metasurface for variable fluence values up to 0.690 mJ/cm 2 in the frequency regime from 0.75 to 8 THz. Without photoexcitation, the graphene-based structure absorbs a maximum of 75% of the incoming radiation at f = 2.17 THz. Interestingly, when photoexcited, the properties of the graphene sheet are modified and the maximum absorption drops to 45% of the incoming radiation, for maximum fluence 0.690 mJ/cm 2 , providing ultrafast modulation of the absorption on the order of 40%. For the second absorption peak, at f = 6.38 THz, the structure absorbs a maximum of 62.5% of the incoming radiation, dropping to 47% when photoexcited, corresponding to a modulation of 25%. The enhanced absorption in the first resonance originates from the coherent superposition of incident and reflected wave at the absorbing graphene sheet, as discussed in Figure 2 . Perfect absorption is not achieved since the conditions mentioned in the discussion of Figure 2 are not exactly met. The same coherent superposition is the effect behind the second resonance, but there the graphene and the free space impedance mismatch is larger, making the absorption smaller. In Figure 4b , the absorption at resonance peaks (2.17 and 6. . The decrease of the absorption in the metasurface implies a decrease of the real part of the conductivity and points to negative dynamics, a response that is discussed in the next section.
DISCUSSION AND INTERPRETATION
For analyzing the experimental results we initially perform a numerical study of the structure's absorbing properties, aiming at the required graphene conductivity as to reproduce the experimentally observed response. The simulations are performed in the frequency domain using the commercial finite element method electromagnetic solver Comsol Multiphysics. 44 Graphene is simulated as a conductive sheet by imposing a boundary condition in the corresponding interface. The surface conductivity of the graphene is given by the Kubo formula and can be written as a sum a two terms, σ intra , describing the intraband response, and σ inter , describing the interband transitions, with
where the function reads 
ω is the angular frequency, ℏ the reduced Planck constant, k B the Boltzmann constant, e the electron charge, τ the electron relaxation time, and T the temperature. In the THz frequency range under investigation the interband contribution is much smaller than the intraband contribution (on the order of 10 −3 ) and is completely omitted in our calculations. We use the Kubo formula for the initial state and properly adjust our model in order to account for the negative pump-induced observed photoconductivity.
As is reported in many recent works, the photoinduced THz conductivity may be either positive or negative. 39−42 Positive photoconductivity is observed in graphene samples close to the neutral charge point and stems from a rise of the carrier concentration, modeled with an increase of the Fermi level. Negative photoconductivity, the phenomenon that we also observe, is found in highly doped samples, and it seems to be connected with relaxation of the photoexcited carriers through (a) generation of hot electrons (i.e., increase of carrier temperature), (b) enhanced carrier−carrier scattering, and (c) enhanced carrier scattering with lattice vibrations. These mechanisms in highly doped graphene seem to dominate photoconductivity over the increase of carrier concentration (initial concentration, in any case, is high for large values of the Fermi level) and lead to negative photoinduced conductivity. To quantify this negative photoinduced conductivity, various approaches have been proposed; the majority of them promote an enhancement of the scattering rate, connected with an increase in the effective electronic temperature, T e .
Our numerical study indeed showed that the experimentally observed response can be understood and reproduced by considering reduction of the graphene conductivity by photoexcitation. Moreover the observed change of the absorption intensity without a considerable shift of the absorption peak frequency implies change mostly in the real part of the photoinduced conductivity. Thus, to analyze our experimental data and reproduce them numerically, we use the model reported in ref 42, where, in accordance with our case, the authors record a decrease in the photoinduced THz conductivity for the same frequency range and similar fluence intensity values (their analysis refers to experimental data up to 2.5 THz, whereas our main resonance is at 2.17 THz). This decrease is attributed to the above-mentioned relaxation mechanisms and, since it is also much greater in the real part of the conductivity than in the imaginary part (as in our case), points to a Drude behavior. In their case they also observe a zero crossing of the imaginary part of the photoinduced conductivity, which suggests a Lorentzian oscillator. Thus, a Drude−Lorentz model is used to describe the frequency dependence of the conductivity decrease:
with the modification term Δσ(ω) reading
In the state where there is no pump applied to the graphene sample, we consider that the Fermi energy is equal to E F = 250 meV and that the relaxation time is equal to τ = 25 fs, values frequently reported in highly doped graphene samples.
The first part of the dynamic conductivity Δσ(ω), as is already mentioned, affects mainly its real part; its weight accounts for all the dynamic phenomena that lead to the negative photoinduced conductivity and subsequently to the modulation of the absorption level in our metasurface. The second part of eq 5 is the Lorentz term with oscillation strength F, line width γ, and ω 0 as the resonant frequency. In the literature the resonant frequency ω 0 appears to be influenced by various effects such as the stimulated emission of THz photons in photoexcited graphene in the presence of atmospheric gases, 45 the excitation of plasmons, 46 laserinduced two-photon oxidation, 47 etc. For our implementation, the Lorentzian term affects slightly the position of the resonance and serves mainly as a fine-tuning parameter. Figure 5 presents the results of fitting the experimental data to the selected model of the conductivity via the simulation and the measured absorption data by the structure shown in Figure 1 . The experimental measurement for the case where no optical pump is applied is plotted in black. For the graphene in the initial state, without the pump, we assume E F = 250 meV, τ = 25 fs, and temperature T = 300 K. The real part of the surface conductivity is calculated by the intraband term of the Kubo formula, eq 1, equal to σ no pump = 2.1 G 0 at the main resonance (f = 2.17 THz), where G 0 = e 2 /h is the quantum of conductance. The corresponding calculated absorption spectra are plotted in red. The agreement is excellent for the first resonance where the maximum modulation is recorded and remains good also for the second resonance. Green curve corresponds to the experimentally measured absorption spectrum when the pump is on and the fluence is maximum and equal to I = 0.690 mJ/cm . Figure 6 presents the fitted data for the real part of the conductivity on the main resonance, f = 2.17 THz (both the total, Figure 6a , and its drop, Figure 6b ) versus the experimental values of the fluence (the continuous curves are a guide to the eye). The green curve (inset in Figure 6a) shows the calculated on-resonance absorption versus the fitted real part of the conductivity, demonstrating an almost linear relation as expected when the elevated effective temperature is its main cause. In Figure 6b , fitting the fluence that varies from 0 to I = 0.690 mJ/cm 2 in the experiment. For the parameters of the Lorentzian term F, γ, and ω 0 we assume no variation for increasing fluence; the reported variation in the literature is very low, and in our case the term has only a small affect on the position of the resonance.
In the range under investigation, the drop in the real part of the conductivity is linear with the weight . The drop of the on-resonance absorption is also linear with conductivity, as seen in the inset of Figure 6a . We observe that as fluence increases, the real part of the conductivity experiences the same type of drop as the experimental on-resonance absorption shown in Figure 4b . In Figure 6b we present the evolution of the photoinduced dynamic conductivity, Re{Δσ}/G 0 , versus fluence I, exhibiting an I 1/2 reported in ref 42. Beyond that, recent works report the exact same behavior of the electron temperature with fluence, I
1/2 , in highly doped samples, 40, 48 which is a product of the hot carrier dynamics that affect the scattering rate and reflect the terahertz conductivity.
CONCLUSION
We investigated both experimentally and theoretically a graphene-based thin film absorber exhibiting ultrafast tunable Figure 5 . Fitted absorption spectra corresponding to the experimental measurements of Figure 4a . The black curve corresponds to the experimentally measured absorption spectra of the metasurface before the application of the optical pump and the green curve to the experimentally measured absorption spectra when the pump is on and fluence is equal to I = 0.690 mJ/cm 2 . All other curves (red to blue) correspond to the fitted data of the conductivity according to eq 1 and eq 5 and the simulation of the subsequent absorption by the structure shown in Figure 1 . For the graphene sample before the pump excitation, the graphene Fermi energy is equal to |E f | = 250 meV and the relaxation time is equal to τ = 25 fs (red curve). To fit the absorption data versus fluence, we have chosen F = 5. THz operation. The structure consists of a uniform graphene sheet grown by CVD on a grounded dielectric substrate; it is designed to provide enhanced absorption. The latter occurs due to the coherent interference of the impinging and reflected waves when they are in phase at the lossy graphene sheet at the frequency of 2.17 THz. Our sample was characterized by a broadband THz time-domain-spectroscopic system in an IR pump−THz probe configuration. The THz absorption modulation was achieved by photoexcitation, which modulated the conductivity of the graphene. Our results provided evidence that in our highly doped sample photoexcitation leads to a reduction of the THz conductivity with decay of 2.79 ps, resulting in an absorption intensity decrease of 40%, with maximum fluence equal to approximately 0.7 mJ/cm 2 . We have thoroughly discussed the dynamics of the photoinduced reduction of the conductivity, which is connected with the generation of hot carriers, the increase of the electronic temperature, and the overall increase of the scattering rate. Our system provides ultrathin, ultrafast modulation appropriate for the demanding future flat optics modulation applications.
